ABSTRACT recA protein has been shown to promote hydrogen bonding between single-stranded'DNA fragments and duplex DNA molecules homologou to them. However, genetic and biochemical evidence indicates that genetic exchanges generally take place between duplex molecules. We therefore chose to study the interactions promoted by'recA protein between intact duplex DNA molecules' and molecules containing gaps that are believed to increase the frequency of genetic exchanges. In the present paper, we show that incubation of intact and gap-containing plasmid DNA in the presence of' recA protein leads to homologous pairing between duplex molecules which can be detected by centrifugation analysis and electron microscopy. The reaction is completely dependent on an active recA gene product, on genetic homology between the DNA species involved, and on the presence of ATP; under certain conditions, its efficiency can be increased considerably by the presence of the single-stranded DNA binding protein of Escherichia coli.
The early steps of genetic recombination are thought to involve pairing between homologous DNA molecules, followed by cutting of the heteroduplex structure thus fprmed in order to produce a recombinant DNA molecule (1) (2) (3) (4) . In Escherichia coil, genetic recombination is under the control of the recA gene. The frequency of recA-dependent recombination can be increased considerably through the use of radiation or radiomimetic chemicals which damage DNA (5) (6) (7) (8) (9) (10) (11) . The product of the recA gene has now been purified and used to study recA-dependent interactions between DNA single strands (12) or between duplex molecules and single-stranded fragments (12, 13) . However, with the exception of bacterial transformation in which single strands may become integrated in the host chromosome, genetic and biochemical evidence indicates that genetic exchanges generally take place between duplex DNA molecules. We have investigated the interaction promoted by recA protein between intact and damaged duplex molecules and found that recA protein recognizes and binds cooperatively to duplex DNA molecules containing small single-stranded regions (14) . In the present paper, we show that recA-dependent pairing between duplex molecules also requires the presence of small single-stranded regions in some of the DNA molecules as well as ATP and homology between the participating DNA species. The complexity of the structure produced is dependent on the number of single-stranded regions per molecule of DNA.
Mutants of E. colt deficient in single-stranded DNA binding protein (SSB) show a possible deficiency in recombination (15, 16) . We therefore examined the influence of SSB on the pairing reaction directed by recA protein and found that the addition of SSB results either in total inhibition or considerable stimulation, depending on the conditions used.
Most recent models for genetic recombination involve partial denaturation of a donor DNA molecule and production of a free single-strand end (1) (2) (3) (4) . In this article, we show that heavy crosslinking of the donor DNA, which prevents extensive strand separation, has no effect on the efficiency of the recA-promoted pairing reaction.
MATERIALS AND METHODS
Bacterial Strains. E. coli K-12 strain AB2487 is a thyA recA13 derivative of AB1157. Strain N147007 is a tetRampR transformant of AB2487 carrying plasmid pBR322. Strain NH7010 is an ampR transformant of AB2487 carrying plasmid pKC16 (17) .
Enzymes and Proteins. The purification of the recA and recAl proteins has been described (14) . SSB of E. coli was purified according to Weiner 40 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels), and 10 ,g of recA protein, were incubated for 15 min at 370C. The reaction was stopped by the addition of excess EDTA, and the percentage of ATP hydrolyzed was assayed on PEI/UV-254 thin-layer chromatography plates (19) .
Preparation of 3H-and 32P-Labeled Form I DNA. The preparation of 32P-labeled 4X174 replicative form I (RF I) DNA has been described (20) . For pBR322 and pKC16 DNA, strains NH7007 and NH7010 were inoculated into 1 liter of K medium for 3H labeling or 1 liter of LCG20 medium (21) for 32p labeling. The cells were grown at 370C with aeration to a concentration of 6 X 108/ml. Chloramphenicol (Sigma) was added at 100 ,ug/ml and the label (2- (20) . Centrifugation of the lysates, phenol extraction, and centrifugation of the DNA in neutral sucrose gradients were also performed as described (20 Centrifugation. All centrifugations were performed in 5 ml of 5-20% neutral or alkaline sucrose gradients for 60-180 min at 45,000 rpm in a SW 50.1 Beckman rotor. For neutral sucrose gradients, the bottom of each tube was cut off after the gradients were collected and assayed for fast-sedimenting 3H-and 32P-labeled materials in 0.8 ml of water and 5 ml of liquid fluor (Formula 963, New England Nuclear).
Vectron Microscopy. Reaction mixtures were prepared and incubated as described. They were agitated, and samples (1-2 Ml) were added without deproteinization to the cytochrome c/formamide spreading mixture and applied to the microscope grid as described by Davis et al. (23) . The grids were shadowed with Pt at 8°while rotating and were examined in a Zeiss electron microscope.
RESULTS
The following experiments were designed to detect the pairing of duplex DNA molecules promoted by recA protein. In some cases, SSB was added to the basic reaction mixture, either at the start of the incubation or 30 min afterward. Aliquots of the mixture were withdrawn and made 50 mM in EDTA for electron microscopy or 0.5% in NaDodS04 and 50 mM in EDTA for centrifugation analysis at neutral or alkaline pH. For simplicity, DNA preparations containing both intact form I molecules and molecules bearing one or several gaps will be referred to as "gapped DNA." DNA preparations containing form I and form II (nicked) molecules will be referred to as "intact DNA." Centrifugation Analysis. (Fig. id) , whereas no 32P radioactivity was detected in these fractions in the absence of recA protein (Fig. ic) . In order to determine whether the effect described above was dependent on (Fig. 2b) (Fig. 2d) .
In control experiments involving either singly or multiply gapped DNA, no rapidly sedimenting material was observed when recA protein was omitted (Figs. 1 a, c , and e and 2 a and c) or replaced by recAl protein, in the absence of Mg2+ or ATP, when ATP was replaced by [-y-SJATP, or when gapped DNA was replaced by intact DNA (not shown).
Alkaline pH. In order to determine whether the recA-dependent pairing of duplex DNA molecules was associated with strand cutting, aliquots of the reaction mixtures described in the legend of Figs. 1 a and b and 2 a and b were also centrifuged in alkaline sucrose gradients. The percentage of covalently closed circles in mixtures in which the rapidly sedimenting material had been found (Fig. 3 b and d ) and in the control mixtures lacking recA protein (Fig. 3 a and c) were identical. Therefore, the pairing reaction promoted by recA protein does not involve strand cutting. Fig. 3 also indicated that the rapidly sedimenting material is not stable at pH 12 because no difference in sedimentation profile was observed after incubation with and without recA protein.
Influence of SSB on the Pairing Reaction. Because SSB may be involved in recombination, we investigated the role of this protein in the pairing reaction. At concentrations of Ag/ml, SSB alone did not promote the formation of rapidly sedimenting species. When SSB (20 ,ug/ml) was added to the basic reaction mixture (containing intact and gapped homologous DNA and recA protein) at the start of incubation, the pairing reaction was completely inhibited (Fig. 4a) . In previous experiments, we found that gapped DNA could sustain the ATPase activity of recA protein (14) . This activity was also inhibited by SSB (Fig. 5) , even when the DNA was preincubated with recA protein. However, when SSB was added 30 min after recA protein, the pairing reaction was considerably stimulated (Fig. 4b) (Fig. 6a) . When DNA containing several gaps per molecule was used, a major fraction of the DNA was found in the form of large complexes involving more than 1000 molecules (Fig. 6b) . No complexes or dimeric structures were found in the control mixtures without recA protein or without ATP or when the ratio of intact to damaged DNA was greater than 10:1. DISCUSSION At low concentrations, purified recA protein can catalyze the hybridization of homologous DNA single strands (12) , and at high concentrations it can promote pairing between duplex molecules and homologous single-stranded fragments (12, 13) . In the present paper, we show that recA protein also can promote the pairing of duplex DNA molecules when some of these molecules contain one or several small single-stranded regions. With DNA preparations containing a single gap per molecule, the product of the reaction is a dimeric structure, and its efficiency does not seem to be affected by the size of the gap, at least for gap lengths between 65 and 750 nucleotides. With DNA preparations containing several gaps per molecule, complexes containing a large number of molecules are formed. In both cases, the pairing reaction is dependent on sequence homology and ATP and is inhibited by SSB added at the start of the incubation but considerably enhanced by SSB acting after recA protein.
The dimeric structures observed with singly gapped DNA as well as the large complexes formed with multiply gapped DNA are stable in the presence of NaDodSO4, indicating that they are not held together by protein-DNA interactions. However, they are unstable at pH 12.
Most recent models for genetic recombination involve a three-stranded structural intermediate formed by invasion of a duplex DNA molecule by a free single-stranded end from a homologous donor molecule. The fact that the recA-directed pairing reaction is not affected by heavy crosslinking of singly gapped DNA seems to argue against the need for extensive unwinding. However, we cannot rule out partial separation of the strands from the ends of a gap to the first crosslinks, followed by pairing with a homologous duplex DNA. On the other hand, a four-stranded structure such as that proposed by McGavin (24) or Kikuchi and Nash (25) (26, 27) 
